We herein report on the development of an extended-gate type organic field-effect transistor (OFET)-based immunosensor for the detection of human immunoglobulin A (IgA). The titration results of IgA exhibited shifts in the transfer characteristics of the OFET sensor device with increasing IgA concentration. A linear detection range from 0 to 10 μg/mL was realized with a detection limit of 2.1 μg/mL, indicating that the OFET-based immunosensor can be potentially applied to the monitoring of infectious diseases and psychological stress in daily life.
Introduction
To date, academic and industrial research on organic electronic devices such as light-emitting diodes, 1 solar cells 2 and transistors 3 has flourished in the field of electronic engineering. Especially, attempts have been made to use organic field-effect transistors (OFETs) as printed flexible integrated-electronic-circuits, screen displays, 4 and radio frequency identification (RFID) tags. 5 More importantly for analytical scientists, OFETs could be applied for wearable and disposable biosensors because of their intriguing properties including flexibility, compact integration and low fabrication costs. 6 OFET devices would thus be able to endow us with novel sensor platforms for various analytical purposes. In this regard, we have succeeded in developing biosensors based on extended-gate type OFETs, which can detect biomolecules such as proteins, 7 saccharides, 8 amino acids 9 and biogenic amines 10 in aqueous media. Especially, we recently reported a label-free immunosensing device for a bovine immunoglobulin G (IgG) using an extended-gate OFET.
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Although the preliminary report revealed that extended-gate OFETs can potentially be employed as a platform for immunosensing, label-free immunosensors based on OFETs are still in their infancy, compared to conventional immunosensor devices. 12 Therefore, further explorations of OFET-based immunosensors are necessary.
Toward that end, we selected human immunoglobulin A (IgA) as a target analyte. IgA can be found in blood serum (i.e. serum IgA) and mucous secretions including saliva and tears (i.e. secretory IgA). 13 Secretory IgA constitutes a part of mucosaassociated lymphoid tissue. Moreover, the concentration of secretory IgA in saliva might be related to psychological stress. 14, 15 To date, it has been revealed that the concentration of secretory IgA was obviously reduced in saliva collected from workers who were exposed to psychological stress. 16, 17 Hence, the detection of IgA levels is very important for the ongoing management of the risk of infection and psychological stress. In this paper, we demonstrate the first label-free immunosensing of human IgA in a simulated saliva sample using an extended-gate type OFET modified with an anti-human IgA antibody (Fig. 1) . The expertise we have obtained herein is expected to open up avenues for the development of healthcare devices based on OFETs in daily life.
Experimental
General information about chemicals and apparatus, fabrication of the OFET-device, and immobilization of the anti-IgA antibody are summarized in the Supporting Information. The label-free detection of human IgA was carried out as follows.
Label-free detection of human IgA
The region of the electrode modified with the anti-human IgA antibody was immersed in a phosphate-buffer saline (PBS) solution of analyte human IgA (0 -50 μg/mL) with 0. 
Results and Discussion
Firstly, we characterized the step-by-step modification of the Au detection electrode using photoelectron yield spectroscopy in air, measurements of water contact angle and transfer characteristics according to our previously published protocols. A significant difference of the design between IgA and IgG sensors is the length of alkyl chains on the extended-gate electrodes for immobilization of anti-antibodies, meaning that we employed a shorter alkyl chain (n = 3) for the IgA detection. This is because the molecular size of IgA is larger than that of IgG and a far distance from the electrode could decrease the sensitivity and reproducibility. 18 As a result, the immobilization of the anti-IgA antibody on the extended-gate electrode was successfully accomplished. For the details of the characterization, see the Supporting Information (Fig. S1) .
Next, we measured the electrical characteristics of the OFET device. The results indicate that the OFET device can be applied to biosensing in water, because the device can be operated at low voltages (under 3 V) (Fig. S2, Supporting Information) . To achieve label-free immunoassay of human IgA, we immobilized the biotin-conjugated anti-IgA antibody (30 μg/mL) on the extended-gate electrode through the streptavidin-biotin system 19 ( Fig. S3, Supporting Information) . The gate-electrode modified with the anti-IgA antibody was immersed in the PBS solution with the label-free human IgA, and then we measured the transfer characteristics of the OFET device. Figure 2 shows the titration results of the human IgA, showing an observed negative shift of the transfer curve with an increase of the human IgA concentration (Fig. 2a) . Nevertheless, the change in the field-effect mobility of the OFET with increasing human IgA concentration was very small (Fig. S4, Supporting Information) . In general, FET-based sensors (such as ion sensitive field-effect transistors, ISFETs) measure the potential difference between the reference electrode and the gate electrode of the FET in aqueous media. Changes of the potential difference in aqueous media are attributed to the interfacial potential shift at the gate/solution interface because the potential of the reference electrode is constant. Changes of the channel conductance of FETs are caused by shifting the potential difference, which results in shifts of the electrical properties of FETs. [20] [21] [22] Therefore, the shifts of the transfer curve and the threshold voltage of the fabricated OFET device with increasing human IgA concentration are probably due to the interfacial potential shift at the extended-gate/solution interface, suggesting that the positively charged IgA was captured on the extended-gate electrode. In addition, the gate currents did not significantly change during the titration, suggesting that electrochemical reactions (such as electrolysis) did not occur at the gate electrode 21, 23 (Fig. S5, Supporting Information) . Also notable is the fact that our fabricated immunosensor based on the OFET device could detect human IgA in the presence of large excess amounts of HSA (~1000 μg/mL). Figure 2b shows the relationship between the concentration of analytes and changes in the OFET threshold voltage. As analytes, we selected IgA, amylase, 24, 25 lactoferrin, 26 and myeloperoxidase 27 (which are regularly contained in saliva). As a result, the response to the human IgA was highly selective (Fig. 2b and Figs. S6 -S8, Supporting Information). The employed anti-IgA antibody (clone code: IgA5-3B) has high-specificity for the human IgA (which is reported by previous reports), 28, 29 indicating that the response to human IgA is based solely on the immune-interaction between the anti-IgA antibody and the human IgA on the extended-gate electrode. The addition of the human IgA over 10 μg/mL induced a saturated response because the anti-IgA antibody is fully bound to the human IgA. The limit of detection (LOD) 30 was estimated to be 2.1 μg/mL, the sensitivity was comparable to that of electrochemical 31 or optical 32 IgA sensor devices. Although enzyme linked-immunosorbent assays (ELISAs) 33 and radioimmunoassays 33 have higher sensitivity for the antibody detection, the protocol of the label-free immunosensor based on the OFET is much simpler than those of conventional methods due to its label-free detection (see Experimental section).
To evaluate feasibility of the fabricated OFET sensor for practical use, we finally carried out the detection of the human IgA using a simulated saliva sample containing many other types of proteins ([amylase] = 0.4 μg/mL; [lysozyme] = 0.4 μg/mL; [lactoferrin] = 1.0 μg/mL; [myeloperoxidase] = 3.6 μg/mL).
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Consequently, the threshold voltage of the fabricated OFET device was shifted by increasing the human IgA concentration (Fig. 4 and Fig. S9, Supporting Information) . These results suggest that the fabricated OFET could be used for the specific detection of the human IgA contained in biological fluids such as saliva.
Conclusions
In conclusion, our fabricated extended-gate type OFET device functioned as a label-free detector of human IgA. The linear range from 0 to 10 μg/mL was obtained with a detection limit of 2.1 μg/mL in a PBS solution. The concentration of IgA in saliva is typically more than 40 μg/mL, 34 meaning that the linear detection range was well below salivary IgA levels. However, low levels of IgA in saliva are known as a factor in infectious diseases such as upper respiratory infection. 35 In addition, it has also been reported that IgA levels in saliva could be decreased by psychological stress. [14] [15] [16] [17] Hence, the fabricated OFET device could be applied for the monitoring of IgA levels for these health conditions in humans. These preliminary results suggest that further modifications at the periphery of the sensor device could provide for more efficient detection systems used in the management of human healthcare conditions in daily life.
Supporting Information
General information about chemicals and apparatus, and fabrication of the OFET-device are summarized in the Supporting Information. The reaction scheme for the immobilization of the anti-IgA antibody on the surface of the extended-gate electrode are shown in Scheme S1. Photo-electron yield spectroscopy in air and wettability measurements of the extended-gate electrode are summarized in Fig. S1 . The electric characteristics of the fabricated OFET under 3 V are shown in Fig. S2 . The titration result of the biotinylated anti-IgA antibody is summarized in Fig. S3 . The field-effect mobility of the OFET upon titration with the human IgA is shown in Fig. S4 . The gate-source current (IGS -VGS) of the OFET upon titration with the human IgA is summarized in Fig. S5 Relative standard deviations (n = 5) of the IgA response were 4% (0 μg/mL), 2% (3 μg/mL), 3% (5 μg/mL), 2% (10 μg/mL), 3% (20 μg/mL), 2% (30 μg/mL), and 2% (50 μg/mL), respectively. available free of charge on the Web at http://www.jsac.or.jp/ analsci/.
